Particle Size Distributions in Chondritic Meteorites: Evidence for Pre-Planetesimal Histories by Cuzzi, J. N. et al.
                             Elsevier Editorial System(tm) for Earth and 
Planetary Science Letters 
                                  Manuscript Draft 
 
 
Manuscript Number:  
 
Title: Particle size distributions in chondritic meteorites: evidence for 
pre-planetesimal histories.  
 
Article Type: Letters 
 
Keywords: chondritic meteorites; chondrules; CAIs; planetesimals; 
protoplanetary disks; asteroids 
 
Corresponding Author: Dr. Justin I. Simon, PhD 
 
Corresponding Author's Institution: NASA Johnson Space Center 
 
First Author: Justin I. Simon, PhD 
 
Order of Authors: Justin I. Simon, PhD; Jeffrey N Cuzzi, PhD; Kaitlyn A 
McCain, B.S.; Michael J Cato, B.S.; Peter A Christoffersen, M.S.; Kenton 
R Fisher, M.S.; Alastair W Tait, PhD; Danny M Olson; Jeffrey D Scargle 
 
Abstract: Magnesium-rich silicate chondrules and calcium-, aluminum-rich 
refractory inclusions (CAIs) are fundamental components of primitive 
chondritic meteorites. It has been suggested that concentration of these 
early-formed particles by nebular sorting processes may lead to accretion 
of planetesimals, the planetary bodies that represent the building blocks 
of the terrestrial planets. In this case, the size distributions of the 
particles may constrain the accretion process. Here we present new 
particle size distribution data for Northwest Africa 5717, a primitive 
ordinary chondrite (ungrouped 3.05) and the well-known carbonaceous 
chondrite Allende (CV3). Instead of the relatively narrow size 
distributions obtained in previous studies (Ebel et al., 2016; Friedrich 
et al., 2015; Paque and Cuzzi, 1997, and references therein), we observed 
broad size distributions for all particle types in both meteorites. 
Detailed microscopic image analysis of Allende shows differences in the 
size distributions of chondrule subtypes, but collectively these 
subpopulations comprise a composite "chondrule" size distribution that is 
similar to the broad size distribution found for CAIs. Also, we find 
accretionary 'dust' rims on only a subset (~15-20%) of the chondrules 
contained in Allende, which indicates that subpopulations of chondrules 
experienced distinct histories prior to planetary accretion. For the 
rimmed subset, we find positive correlation between rim thickness and 
chondrule size. The remarkable similarity between the size distributions 
of various subgroups of particles, both with and without fine grained 
rims, implies a common size sorting process. Chondrite classification 
schemes, astrophysical disk models that predict a narrow chondrule size 
population and/or a common localized formation event, and conventional 
particle analysis methods must all be critically reevaluated. We support 
the idea that distinct "lithologies" in NWA 5717 are nebular aggregates 
of chondrules. If ≥cm-sized aggregates of chondrules can form it will 
have implications for planet formation and suggests the sticking stage is 
where the preferential size physics is operating. 
 
Suggested Reviewers: Harold C Connelly 
https://ntrs.nasa.gov/search.jsp?R=20180002448 2019-08-29T17:39:44+00:00Z
Rowan University 
connollyh@rowan.edu 
Expert on chondritic meteorites, esp. chondrule formation 
 
Julie Paque 
Caltech 
paque@gps.caltech.edu 
Expert on chondritic meteorites, esp. their components 
 
Dante Lauretta 
The University of Arizona 
Lauretta@lpl.arizona.edu 
Expert on early solar system objects and asteroids 
 
Romy Hanna 
University of Texas at Austin 
romy@jsg.utexas.edu 
Recently published a relevant paper in EPSL 
 
Conel Alexander 
Department of Terrestrial Magnetism 
calexander@carnegiescience.edu 
Expert early solar system, published a relevant paper with Steve Desch 
ASU (who would also be a good reviewer). 
 
Jon Friedrich 
Fordham University 
friedrich@fordham.edu 
Would be good reviewer, but possibly conflicted?  Denton Ebel, NHM would 
be in a similar situation (good, but maybe conflicted) 
 
 
Opposed Reviewers:  
 
 
 
National Aeronautics and  
Space Administration 
Lyndon B. Johnson Space Center 
2101 NASA Road 1 
Houston, Texas 77058      
 
 
February 5th, 2018 
Dr. Frederic Moynier  
Editor of Earth and Planetary Science Letters 
 
RE: Manuscript submission 
 
Dear Fred Moynier: 
 
 We have submitted our manuscript, entitled: “Particle size distributions in 
chondritic meteorites: evidence for pre-planetesimal histories.” for 
consideration by Earth and Planetary Science Letters. 
   In this contribution, we report new particle size distribution data for 
Northwest Africa 5717, a primitive ordinary chondrite (ungrouped 3.05) and the 
well-known carbonaceous chondrite Allende (CV3). Instead of the relatively 
narrow size distributions obtained in previous more limited studies, we observed 
broad size distributions for all particle types in both meteorites. Detailed 
microscopic image analysis of Allende shows that initial differences in the size 
distributions of chondrule subtypes existed, but that collectively these 
subpopulations comprise a composite “chondrule” size distribution that is similar 
to the broad size distribution found for CAIs.  
 The results are evaluated in light of current accretion scenarios, and imply a 
common aerodynamic size sorting process building larger aggregates of solids, 
the existence of which may help avoid the problematic m-km sized upper limit of 
many planetesimal formation models. Chondrite classification schemes, 
astrophysical disk models that predict a narrow chondrule size population and/or 
a common localized formation event, and conventional particle analysis methods 
must all be critically reevaluated.  
 We believe that this work is fundamental to understanding planetesimal 
formation. Please let me know if I can provide any additional information.  
 
Sincerely yours, 
 
Justin I. Simon 
 
(On behalf of the coauthors) 
 
Contact information for seven suggested reviewers:  
We suggest a number of possible reviewers whose specialize span astrophysical 
disk formation and/or meteoritics.    
 
[1] Dr. Harold C. Connolly Jr. 
Cover Letter
 Department of Geology, Rowan University 
Phone: +1 (865) 256-5261, Email:  connollyh@rowan.edu 
 
[2] Dr. Julie Paque 
Division of Geological and Planetary Sciences, Caltech 
Phone: +1 (626) 395-6155, Email: paque@gps.caltech.edu 
 
[3] Dr. Dante Lauretta 
Lunar & Planetary Laboratory, The University of Arizona 
Phone: +1 (520) 626-1138; Email: Lauretta@lpl.arizona.edu 
 
[4] Dr. Jon Friedrich 
Department of Chemistry, Fordham University 
Phone: +1 (718) 817-4446, Email: friedrich@fordham.edu 
 
[5] Dr. Conel Alexander 
Carnegie Institution of Washington, Department of Terrestrial Magnetism 
Phone: +1 (202) 478-8478, Email: calexander@carnegiescience.edu 
 
[6] Dr. Romy Hanna 
Jackson School of Geosciences, University of Texas at Austin 
Phone: +1 (512) 471-0260, Email: romy@jsg.utexas.edu 
 
[7] Dr. Steve Desch 
Arizona State University 
Phone: + (480) 965-7742, Email: steve.desch@asu.edu 
 
[8] Dr. Denton Ebel 
American Museum of Natural History 
Phone: (212) 769-5381, Email: debel@amnh.org 
 
 
 
Highlights: 
 
The fact that particle size distributions in both lithologies of NWA 5717 and Allende are very 
similar in shape after scaling to a common mean size implies the existence of a common, 
possibly universal, aggregation process. Ultimately, if size-selective aerodynamic effects allow 
particle sticking to proceed to larger aggregation sizes than currently expected, the primary 
formation of planetesimals becomes much easier. 
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Abstract 25 
Magnesium-rich silicate chondrules and calcium-, aluminum-rich refractory inclusions 26 
(CAIs) are fundamental components of primitive chondritic meteorites. It has been suggested that 27 
concentration of these early-formed particles by nebular sorting processes may lead to accretion 28 
of planetesimals, the planetary bodies that represent the building blocks of the terrestrial planets. 29 
In this case, the size distributions of the particles may constrain the accretion process. Here we 30 
present new particle size distribution data for Northwest Africa 5717, a primitive ordinary 31 
chondrite (ungrouped 3.05) and the well-known carbonaceous chondrite Allende (CV3). Instead 32 
of the relatively narrow size distributions obtained in previous studies (Ebel et al., 2016; Friedrich 33 
et al., 2015; Paque and Cuzzi, 1997, and references therein), we observed broad size distributions 34 
for all particle types in both meteorites. Detailed microscopic image analysis of Allende shows 35 
differences in the size distributions of chondrule subtypes, but collectively these subpopulations 36 
comprise a composite “chondrule” size distribution that is similar to the broad size distribution 37 
found for CAIs. Also, we find accretionary ‘dust’ rims on only a subset (~15-20%) of the 38 
chondrules contained in Allende, which indicates that subpopulations of chondrules experienced 39 
distinct histories prior to planetary accretion. For the rimmed subset, we find positive correlation 40 
between rim thickness and chondrule size. The remarkable similarity between the size distributions 41 
*Manuscript
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of various subgroups of particles, both with and without fine grained rims, implies a common size 42 
sorting process. Chondrite classification schemes, astrophysical disk models that predict a narrow 43 
chondrule size population and/or a common localized formation event, and conventional particle 44 
analysis methods must all be critically reevaluated. We support the idea that distinct “lithologies” 45 
in NWA 5717 are nebular aggregates of chondrules. If ≥cm-sized aggregates of chondrules can 46 
form it will have implications for planet formation and suggests the sticking stage is where the 47 
preferential size physics is operating.  48 
Introduction 49 
Chondrules constitute 30-80% of primitive meteorites and have been reported to be 50 
narrowly size-sorted (e.g., Dodd, 1976; Ebel et al., 2016; Friedrich et al., 2012; Grossman et al., 51 
1989; Paque and Cuzzi, 1997; Rubin, 1989; Teitler et al., 2010) as compared to CAIs that make 52 
up only 1-10% and thought to be less tightly sized-sorted (Grossman et al., 1989; Hezel et al., 53 
2008; May et al., 1999; Wurm and Krauss, 2006b). The high abundances of chondrules in primitive 54 
meteorites suggest that chondrule formation and accumulation processes were fundamental to the 55 
earliest stages of the accretion of asteroids, which provide the parent bodies for these primitive 56 
meteorites. Since terrestrial planets formed from primitive asteroids or analogous planetesimals, 57 
understanding these early stages is important for understanding planetary accretion overall.  58 
The mineralogy, chemical, and isotopic composition of chondritic components provide 59 
important constraints on their initial formation conditions (e.g., Alexander et al., 2008; Davis et 60 
al., 1990; Davis et al., 2017; Gooding and Keil, 1981; Huang et al., 2012; Richter et al., 2002; 61 
Shahar and Young, 2007; Simon and DePaolo, 2010; Simon et al., 2017; Young et al., 2002; Yu 62 
and Hewin, 1998). However, the characteristic distributions of particle sizes in primitive 63 
meteorites likely reflect a combination of how the various subgroups of particles initially formed, 64 
at different times and in different locations in the solar nebula, and how they were preserved and/or 65 
were concentrated (i.e., sorted) between formation and parent body assembly. 66 
There are a number of hypotheses for the formation of chondrules. Most postulate that they 67 
originated from melting early-formed dust by either localized or nebula scale energetic events in 68 
the gas-rich stage of the protoplanetary disk (Boss, 1996; Connolly and Love, 1998; Grossman et 69 
al., 1989; Jones et al., 2000), such as magnetic flares (Levy and Araki, 1989), current sheets (Joung 70 
et al., 2004), lightning (Desch and Cuzzi, 2000), impacts on or between primitive planetary bodies 71 
(Johnson et al., 2015; Asphaug et al., 2011), nebular shock waves (Desch and Connolly, 2002; 72 
Morris and Desch, 2010; Wood, 1996), or in planetesimal bow shocks (Ciesla and Hood, 2002; 73 
Ciesla et al., 2004; Hood, 1998; Hood and Horanyi, 1993; Morris et al., 2012; Weidenschilling et 74 
al., 1998).  75 
The more refractory mineralogy of CAIs implies that they formed from precursor materials 76 
that condensed out of nebula gas at a high temperature (Grossman et al., 2002), perhaps closer to 77 
the protoSun, or at an earlier, hotter nebula stage. There is evidence from radioisotopic age 78 
constraints that CAIs might be as much as ~2 Ma older than chondrules (Amelin et al., 2002; 79 
Connelly et al., 2012; Kita et al., 2005; Villeneuve et al., 2009). Given the significant 80 
compositional differences (implying that they formed under very different conditions) and their 81 
likely age differences, the problem of how CAIs with high-temperature minerals ultimately end up 82 
mixed with chondrules and other lower temperature minerals remains a mystery (cf. Ciesla 2010; 83 
Desch et al. 2017). These ‘lucky’ CAIs avoided being lost into the Sun or otherwise destroyed in 84 
the varied chaotic environments extant in the protosolar disk, including the thermal processes that 85 
produced chondrules. Partial overlap of the CAI and chondrule formation environments has been 86 
suggested, based on evidence that CAIs interacted with, and possibly some of their rims formed in 87 
a chondrule-like environment (Dyl et al., 2011; Krot et al., 2016; Simon et al., 2005; Simon and 88 
Young, 2011). Finally, the free-floating CAIs must also be ‘selected’ for accretion into the same 89 
planetesimal building block(s) as the chondrules.  90 
In principle, size distributions of chondrules (Ebel et al., 2016; Friedrich et al., 2015, and 91 
references therein) and CAIs (e.g., Hezel et al., 2008, and reference therein) in meteorites can be 92 
used to test astrophysical sorting processes. However, with a few exceptions (e.g., Rubin, 1989; 93 
Teitler et al., 2010) the differences within and between these distinct particle groups, both of which 94 
are made up of diverse subgroups with different minerals and thermal histories, remain poorly 95 
quantified. McSween (1977) noted that CV chondrite chondrules ranged in diameter from ~550 96 
µm to ~2000 µm. Grossman et al. (1989) reported a compiled mean diameter of ~1000 µm, but 97 
did not cite specific data sources. In abstract form, Paque and Cuzzi (1997) and May et al. (1999) 98 
reported mean chondrule diameter for CV chondrites from ~680 to 850 µm. Teitler et al. (2010) 99 
conducted a comprehensive reevaluation of the Paque and Cuzzi (1997) data, and along with 100 
additional disaggregated materials, reported mean diameters for Allende chondrules of 912 ±644 101 
µm (n=287) and 917 ±744 µm (n=126). The available data for CAIs in Allende are more limited, 102 
but appear distinct from chondrules. McSween (1977) reported CAIs in terms of modal area 103 
fraction ranging from 2.5 to 9.4%. May et al. (1999) obtained a much smaller and narrower range 104 
between 0.65 and 1.89%. Hezel et al. (2008) found that CAIs make up 5.02±0.80% (n=223) of the 105 
modal area of three Allende thin sections, and based on these and the available literature data report 106 
that the modal area of CAIs in Allende is 2.98%&.'%)&.*%. They also report a mean CAI diameter of 107 
~100 µm with a pronounced peak at the smallest diameters (<100 µm). Their reported size 108 
distribution decreases monotonically to slightly larger sizes (~300 µm in diameter) and then shows 109 
a few, exceptionally large (1000’s µm), outliers. 110 
There have been a large number of size distribution studies of chondrules in ordinary 111 
chondrites. For a comprehensive view, see the excellent summary by Friedrich et al. (2015). There 112 
appears to be variability among the various chondrites (mean diameters differ from ~300 µm to 113 
~1200 µm), but with a few exceptions, the data sets are relatively small and, like for the CV 114 
chondrites, the smallest and largest particles may have been undercounted, as discussed below. 115 
Here we report a large-area, high-resolution study of the types and sizes of particles in the 116 
ordinary chondrite Northwest Africa 5717 (n=12,966 particles measured in a photographic mosaic) 117 
and the well-studied carbonaceous chondrite Allende (n=2339/2555 particles/particle cores 118 
measured in X-ray maps and n=6530 particles in a photographic mosaic). With this extensive data 119 
set a number of important observations can be made: (1) The measured particle size distributions 120 
are significantly broader than previously reported. This spread in size is inconsistent with previous 121 
particle sorting models (Cuzzi et al., 2001) that predict narrow size distributions. In practical terms, 122 
the differences among the measured distributions highlight the fact that sampling bias is likely a 123 
systemic problem, a problem pointed out recently (Ebel et al., 2016; Friedrich et al., 2015), and 124 
thus there is a need to reevaluate the current data and its use for defining “characteristic” particle 125 
sizes for classification purposes. (2) In Allende most (~85%) particles are unrimmed and in direct 126 
contact with meteorite host material (the matrix) whereas rims surround the other ~15%, often 127 
nearby, particles. This diverse behavior strongly argues for pre-accretional rim formation for some 128 
particles as they traversed distinct (cooler and/or dustier) nebular environments, e.g., Metzler et 129 
al. (1992). (3) When present, fine-grained accretion rim types and thicknesses appear correlated to 130 
underlying particle size as recently reported for chondrules contained in the Murchison chondrite 131 
(Hanna and Ketcham, 2017). (4) Allende shows differences in the size distributions of chondrule 132 
subtypes, but collectively these subpopulations comprise a composite “chondrule” size distribution 133 
that is similar to the broad size distribution found for CAIs. And (5) NWA 5717 contains distinct 134 
lithologies that appear to be chondrule aggregates. 135 
Methods. 136 
Sample Materials 137 
Northwest Africa 5717 is an ungrouped (subtype 3.05) ordinary chondrite dominated by 138 
chondrules, that contains two apparently distinct lithologies (Bigolski et al., 2016; Bunch et al., 139 
2010). In the studied ~11 cm x 14 cm slab, the darker of these lithologies seems to host the second, 140 
much lighter lithology (Fig. 1). The nature of the boundary between the two is variable and at 141 
times uncertain, ranging from abrupt to gradational and not always following particle boundaries. 142 
The distinction between the lithologies, beyond the obvious color differences, has been supported 143 
by a discrepancy in oxygen isotopes and an incongruity in the magnesium contents of chondrule 144 
olivine (Bunch et al., 2010). Allende is a well-studied CV3 oxidized carbonaceous chondrite that 145 
contains a range of nebular components, including a diversity of chondrule types and refractory 146 
inclusions (Fig. 2). A large piece of the Allende meteorite was cut into ~cm thick slabs and one 147 
slab was gently broken into fragments that could be mounted in one inch epoxy rounds for scanning 148 
electron microscope (SEM) analysis. SEM imagery of several unassociated Allende slab fragments 149 
were also included in this study and help ensure wide sample representation. 150 
Chemical phase maps, photomicrographic mosaics, and particle digitization 151 
Energy-dispersive X-ray chemical maps were obtained by SEM analysis of six Allende 152 
fragment samples (0.86 cm2, 1.52, cm2, 1.82 cm2, 1.86 cm2, 1.91 cm2, 2.11 cm2 sized pieces) using 153 
the JEOL 7600 field emission SEM at NASA Johnson Space Center. Images were acquired at 15 154 
kV, 30 nA, with a 90 µm aperture. The images were taken at ~150x magnification with resolutions 155 
of 2.9-3.3 µm/pixel for a combined total area of 10.08 cm2. Combination of characteristic X-ray 156 
emission from multiple elements was used to create chemical phase maps (maps are shown in 157 
supplemental Figs. S1-S6) in which all of the particles greater than ~50 µm in diameter were 158 
characterized. The images obtained for the Allende work were characterized by multiple 159 
investigators in a semi-blind manner detailed by Tait et al. (2016). No SEM data was acquired 160 
from NWA 5717. 161 
Results obtained from X-ray image analyses (supplemental Table S1) were compared to 162 
results derived from a mosaic of photographic images obtained from a slab of Allende that is ~20 163 
cm x 25 cm (supplemental Fig. S7, see Tait et al., 2016). A similar photomosaic was made for the 164 
NWA 5717 slab. To study the particles in the slabs, we photographed each using a camera attached 165 
to an optical microscope. Images were acquired in a grid pattern with a mechanical stage at a 166 
resolution of 13.9 µm/pixel. Approximately 10% overlap was used when obtaining images, which 167 
afforded accurate stitching in Adobe Illustrator. Constituent particles (e.g., chondrules and CAIs) 168 
within the photomosaics were outlined in Adobe Illustrator or Photoshop using a large digitizing 169 
art board (Table S1). One side of each slab, comprised of ~300 and 400 images for NWA 5717 170 
and Allende, respectively, was chosen for detailed analysis. Although some particles as small as 171 
~25 µm diameter were identified, an accurate account of particles less than ~150 µm diameter in 172 
the slabs were not feasible from the photomosaics (see Discussion). 173 
As carried out for the Allende slab photomosaic image, outlines of chondrules and CAIs 174 
were also obtained from the X-ray maps and used to create binary images of the sample particle 175 
subgroups (Fig. 3, Fig. S8). Based on the binary data, ImageJ was used to characterize the area 176 
and circularity of each individual particle and the modal area of each subgroup (Table S1). The 177 
size of each particle was calculated from the total pixels in each particle assuming a circular cross 178 
section (i.e., diameter = 𝑝𝑖𝑥𝑒𝑙	𝑎𝑟𝑒𝑎 𝜋×2). The lengths of the major and minor axes and 179 
orientations of individual particles were also quantified using best-fit ellipses. In general, apparent 180 
diameters calculated from best-fit ellipses match those determined from the circular cross section 181 
defined by their total number of pixels.  182 
The “circular area definition” approach works well for chondrules, which are 183 
approximately spherical in shape and likely retain their equidimensionality even when slightly 184 
deformed (see Tait et al., 2016). This approach yields more reproducible results for the more 185 
irregular shapes of CAIs (e.g., Fig. 2), that can vary from spherical, to oblate or “pancaked” 186 
(Ivanova et al., 2014), to clumpy (i.e., “fluffy”, fine-grained, and AOA type). Particles cut off by 187 
the edge of the sample were excluded because their dimensions could not be accurately measured. 188 
Additionally, for rimmed particles, we measured the apparent diameter of the inner chondrule 189 
“core” and the apparent diameter including the rim(s) (“ChonMax”) so that chondrule rim 190 
thickness could be estimated by the difference. Apparent chondrule rim thicknesses were also 191 
directly measured on all particles in one of the sample SEM images (see supplemental Table S2). 192 
Unfolding particle size distributions from 2D area sections 193 
The size distributions of each particle subgroup (Table S1) were tallied, and diameter 194 
values were binned geometrically where di = di-1 c, with c = (dmax/dmin)1/N (starting with a bin from 195 
0-25 µm). Regardless of binning scale, the distributions remained similar (see supplemental Fig. 196 
S9). The data sets were processed using a matrix inversion unfolding algorithm to transform 197 
histograms of measured particle diameters into histograms of actual particle diameters (Cuzzi and 198 
Olson, 2017). There are well-known sampling effects which cause the observed property NA(d), 199 
the number of particle cross sections or profiles of diameter d per unit area, to differ from the more 200 
fundamental, desired quantity NV(D), the number of spheres of diameter D per unit volume, e.g., 201 
Eishenhour (1996). Specifically, sections tend to cut particles non-diametrically, diminishing the 202 
apparent diameter and artificially increasing the fraction at all smaller diameters, while also 203 
statistically oversampling larger particles, and at the same time overestimating fractional rim 204 
thickness (see graphical representation, supplemental Fig. S10, after Cuzzi and Olson, 2017). The 205 
algorithm has been tested using numerically “sectioned” particle samples, by comparing the 206 
diameter distribution recovered from the 2D sections to the initial 3D particle population. These 207 
tests show that meaningful and accurate unfolding of 2D area (section) data to 3D volume data can 208 
be obtained for typical meteorite particle size distributions as long as several hundred particle 209 
samples are obtained (Cuzzi and Olson, 2017). 210 
Results. 211 
Particle types 212 
Subpopulations representing the diversity of particles and rims in these meteorites are 213 
defined in Table 1. Particles were initially categorized into the following subgroups: a) Porphyritic 214 
Olivine (PO) chondrules, b) Porphyritic Olivine and Pyroxene (POP) chondrules, c) Porphyritic 215 
Pyroxene (PP) chondrules, d) Aluminum-rich chondrules, e) Barred Olivine (BO) chondrules, f) 216 
melilite dominated (Type A) CAIs, g) fassaite bearing (Type B) CAIs, and h) Amoeboid Olivine 217 
Aggregates (AOA). Chondrule subgroups were considered separately and in combination so that 218 
they could be compared to the overall distribution of CAIs (including AOA). Chondrules are 219 
observed to be unrimmed, rimmed, or having two texturally distinct rim layers (an inner coarse-220 
grained rim and an outer fine-grained rim, Fig. 2F). Chondrule data were further subdivided to 221 
account for the potential differences between size distributions of rimmed chondrules, or only their 222 
cores, to allow comparison of pre- and post-rim formation populations. Each individual particle 223 
was digitized as just a core and again including its surrounding rim, if present (see example 224 
supplemental Fig. S8).  225 
Chondrules were grouped in several different ways to evaluate the overall distributions as 226 
categorized by: i) Maximum chondrule size (ChonMax), including their rims when present, j) Just 227 
chondrule cores (AllchonCore), i.e., treating micro-chondrule cores in rims as separate particles 228 
(see below) and excluding the additional thickness of the rims of larger particles when present, k) 229 
Cores of unrimmed chondrules (CoreNoRim), l) Cores of rimmed chondrules (CoreWRim), m) 230 
Cores of chondrules surrounded by fine-grained (FG) rims, and n) Cores of chondrules surrounded 231 
by fine-grained and coarse-grained (CG) rims. The thin Wark-Lovering (WL) and accretionary 232 
‘dust’ rims on CAIs contributed negligibly to the sizes of the measured CAIs and so “naked” and 233 
rimmed CAIs were not considered separately in this work.  234 
The small “micro-chondrules” (Fruland et al., 1978) that appear to be included within the 235 
rims themselves suggest that some of these particles either represent part of the rim formation 236 
process and/or were enveloped into a rim forming event. This complicates the counting statistics 237 
because there can be more chondrule cores (“AllchonCore” n=2555) than individual chondrules 238 
“particles” (“ChonMax” n=2339) depending on how they are defined. For this reason, we report 239 
fewer total particles when we group the instances of multiple small particle cores, embedded within 240 
large particle rims, as part of the larger particles (i.e., ChonMax as opposed to AllchonCore). 241 
Although the ChonMax and AllchonCore size distribution are similar (Fig. 5A), we consider the 242 
ChonMax particle population—which by definition excludes smaller particle cores contained in 243 
rims—as the most appropriate to test primary aerodynamic sorting models as earlier formed rims 244 
would contribute to the effective size of the particles during sorting. 245 
Unfolded size distributions are shown for individual particle subpopulations in Figure 4A-246 
J and shown overlain for comparison in Figure 5A-D. The characterization of all particles 247 
identified, both in SEM X-ray images and in photomosaics of the slabs is summarized in Table 2. 248 
Unless stated otherwise, the size distributions denote the number per unit volume of particle cores 249 
as a function of the actual unfolded geometric mean diameter without the added thickness of their 250 
associated rims. Ultimately, 13 size distribution data sets were selected for which enough data 251 
were collected to yield statistically meaningful results and for which we have confidence of 252 
accurate particle type grouping. These data sets are: (1) Maximum chondrule diameter (ChonMax, 253 
n=2339) that includes the added thickness of rims when present, (2) Chondrule core diameter 254 
(AllchonCore, n=2555) regardless of whether they have rims or are in a rim, (3) Inclusion diameter 255 
(n=195) all types, (4) Chondrule core diameter of chondrules with no rims (CoreNoRim, n=2161), 256 
(5) Chondrule core diameter of chondrules with rims (CoreWRim, n=387), excluding the added 257 
thickness of their rims, (6) PO chondrule core diameter (n=1306), (7) POP chondrule core diameter 258 
(n=1042), (8) PP chondrule core diameter (n=155), and (9) Type A CAI diameter (n=156) for 259 
Allende SEM data, (10) “All particle” diameter for Allende slab (n=6530), (11) Diameter for 260 
particles contained only in the light lithology of NWA 5717 slab (n=4121), (12) Diameter for 261 
particles contained only in the dark lithology of NWA 5717 slab (n=8206), and (13) “All particle” 262 
diameter for NWA 5717 slab (n=12,966).  263 
Results for other particle types that are less abundant have been listed in Table 2 for 264 
completeness. These include: (1) Type B CAIs (n=24), (2) Amoeboid Olivine Aggregates (n=15), 265 
(3) Al-rich chondrules (n=21), and (4) BO chondrules (n=31) from the Allende SEM images. In 266 
general, the SEM results are consistent with component particles identified in the photomosaic 267 
Allende slab sample.  268 
Ultimately, all of the particle subgroups were combined in the photographed Allende slab 269 
analyses because we found that visual distinction between separate particle types became uncertain 270 
below ~200 µm, and was inconsistent between the multiple observers. Although CAIs in the 271 
Allende slab were generally visible against the dark matrix, the outlines of chondrules proved more 272 
difficult to delineate than in the X-ray maps and their frequency appears to have been undercounted 273 
due to selection bias at diameters less than ~150 µm. A similar apparent drop in particle counts at 274 
the smaller sizes is seen in the NWA 5717 slab data (Fig. 5C).  275 
Modal area percentages from Allende SEM data are derived from the three main 276 
components: chondrules (ChonMax, 46.3%), inclusions (6.2%), and matrix (47.5%). The average 277 
diameter of each particle subgroup in SEM data is calculated from a nonlinear best fit lognormal 278 
curve to each distribution (Fig. 4, see supplement for details). Average diameters of these particle 279 
subgroups vary somewhat, but all populations exhibit broad size ranges. Among chondrules, PO 280 
chondrules are the most common (51%, by number), exhibit the smallest average diameter 281 
(measured diameter ~150 µm, unfolded diameter ~160 µm), and represent 6% of the total modal 282 
area. The POP chondrules are less common (41%, by number), but are on average about 3x larger 283 
(measured diameter ~400 µm, unfolded diameter ~490 µm), so make up the largest area fraction 284 
of all particles (22%). The PP chondrules are even less common (6%), but large (measured 285 
diameter ~380 µm, unfolded diameter ~460 µm) on average, and represent ~4% of the total modal 286 
area. Each of the less common chondrule types (BO and Al-rich) appears to represent about 1% of 287 
the counts and modal area, and to be relatively large (measured diameter ~700 µm) on average. 288 
Overall 2.6% by area are Type A or Type B CAIs and 3.6% are AOA. The Type A CAIs are the 289 
most common, but smaller (measured diameter ~200 µm) on average as compared to the Type B 290 
and AOA, which on average are about 2-3x larger (measured diameter ~500 to 700 µm). The latter 291 
subgroups (Type B CAIs and AOAs along with BO and Al-rich chondrules) have too few sampled 292 
particles to assume that these averages are fully representative.  293 
It should be noted that the largest particle sizes in the Allende X-ray images and slab are 294 
similar at ~0.2 cm, which is smaller than the largest particles that have been used for compositional 295 
studies and even smaller than a few seen in some unstudied fragments of the original bulk sample 296 
used in this study. Nevertheless, recognition that these uncharacteristically large components are 297 
undercounted here, but often studied in the published literature, attests to the importance of large 298 
sample areas for statistically representative particle size distribution work. 299 
Particle rims 300 
No resolvable rims were seen in the NWA 5717 slab. This contrasts with the ~20% fraction 301 
of particles with obvious rims in the Allende slab photomosaic. The thicknesses of rims on Allende 302 
chondrules in the SEM data set were evaluated in two ways. Rim widths were estimated indirectly 303 
by subtracting ChonWRim sizes from ChonMax sizes, and directly where all individual rim 304 
thicknesses were measured in one X-ray image (n=413 particles). In the overall SEM data set and 305 
in the single image, where rim thicknesses were directly measured, chondrules with rims 306 
represented a minority of the population (~15%), similar to the Allende slab. In the SEM data, 307 
rims surround ~10% of both PO and POP chondrule groups. Of these chondrule subtypes ~5% 308 
have only fine-grained (FG) rims, ~5% have only coarse-grained (CG) rims, and ~5% have an 309 
inner coarse-grained rim overlain by an outer fine-grained rim. No examples of inner fine-grained 310 
rims were observed. POP chondrules may have slightly more FG rims (see Table S2). The direct 311 
measurements of rim widths on chondrules are shown in Figure 6, a plot of measured rim thickness 312 
versus particle core diameter. Particles without rims are not shown in Figure 6. Among the 313 
measured particles (CoreWRim) there is a positive correlation between particle core diameter and 314 
rim thickness, as suggested by Metzler et al. (1992), Morfill et al. (1998), Cuzzi (2004); Cuzzi and 315 
Hogan (2003), and Hanna and Ketcham (2017).   316 
Discussion 317 
Broad particle size distributions are characteristic of both meteorites 318 
The modal areas determined here for Allende chondrules (~46%) and inclusions (6.2% 319 
total, or 2.6% if AOAs are excluded) are generally consistent with the proportions found in 320 
previous investigations (e.g., Ebel et al., 2016; Friedrich et al., 2015; Hezel et al., 2008, and 321 
references therein). Because of the difficulty of distinguishing chondrule subtypes in the slab 322 
photomosaics and, through direct evidence for undercounting of smaller (≤200 µm in diameter) 323 
chondrules from comparison of the Allende X-ray image data to the Allende slab photomicroscopy 324 
data, it is clear that photomicroscopy size distribution data are not fully representative at the 325 
smallest sizes. Furthermore, based on the largest particle sizes that have been reported in the 326 
literature, we know that neither of our samples contain the very largest sizes. Despite these 327 
complications, in both types of Allende data and in both the dark and light lithologies of NWA 328 
5717, broad, lognormal particle size distributions are found. These observations contrast sharply 329 
with most existing studies (see Ebel et al., 2016; Friedrich et al., 2015, and references therein). 330 
This suggests that there are systematic selection bias effects in previous investigations as well, 331 
which likely undercount both smaller and potentially larger sized particles to a degree that is 332 
significantly greater than in this study.  333 
Potential bias in existing data sets. 334 
Why and how are these data different from existing data sets? The main advantage of the 335 
detailed SEM image analysis approach is that no particle larger than ~50 µm goes unaccounted or 336 
unidentified. It is not entirely clear why previous data sets derived from 2D images fail to match 337 
the new data, but it could be related to sample bias, lower spatial resolution (i.e., use of pre-field-338 
emission scanning microscopy techniques), observer fatigue, and/or inadequate sample area 339 
investigated. Existing studies may be biased towards larger sizes because the authors used thin 340 
sections that were selected to include larger particles for measurement of elemental or isotopic 341 
compositions (Friedrich et al., 2015, and references therein). Likewise, there are other potential 342 
sources of error in the freeze-thaw disaggregation data sets (e.g., Paque and Cuzzi, 1997) where 343 
chondrules had to be hand-picked. Disaggregation size data can also be incidental with the initial 344 
goal being a composition study in which larger chondrules/CAIs were selected for ease of 345 
handling. In addition to excluding the smallest particles and undercounting others (≤500 µm), the 346 
mechanical disaggregation process might also destroy smaller particles and possibly particle rims. 347 
It has been pointed out that another potential error in the freeze-thaw disaggregation data sets 348 
occurs because the 3D particles were only measured in two dimensions (Teitler et al. 2010). Some 349 
existing ordinary chondrite data may also be biased towards larger chondrules because larger 350 
particles are more likely to have survived metamorphism on the parent body than smaller particles. 351 
This should not be a significant issue for the primitive (3.05) ordinary chondrite NWA 5717 in this 352 
work. 353 
Polygonal shaped chondrule fragments were seen, but few looked to be obviously fractured 354 
in place. These fragments could be filtered out of the chondrule data set, by excluding chondrules 355 
with circularity = 4𝜋× [89:8][<:9=>:?:9]@ 	less than some arbitrary value (e.g., 0.55) where values range 356 
from 0 (infinitely elongated polygon) to 1 (perfect circle). However, these small angular particles 357 
were included in the assessment because such a data filtering process had little effect on the spread 358 
or shape of the measured particle size distributions (shown in supplemental Fig. S11) and thus the 359 
general conclusions of this study. 360 
To further address our concerns that the broad size distributions observed were artificially 361 
produced by inclusion of small crystals and/or angular chondrule fragments rather than actual 362 
small chondrules, we specifically re-imaged the small-sized particles characterized. Although 363 
petrologic identification of ≤50 µm size particles can sometimes be tricky, Figure 7 shows several 364 
high-resolution backscatter electron SEM images representative of small particles (~100 µm) in 365 
our data set (i.e., PO chondrules). These clearly show that the small particles are not just fragments, 366 
but rather have circular boundaries and reasonable textures and mineralogy (cf. Nelson and Rubin, 367 
2002). Some of the small sections measured will be artifacts of 2D slicing, but our unfolding 368 
calculation accounts for this. Furthermore, the proximity of some small sections to other particles 369 
(e.g., Fig. 7) preclude them from being artifacts of non-diametric slices of the ≥500 particles typical 370 
of other data sets. 371 
Some small particles are found within in the rims of larger particles (shown in Fig. 7D-F). 372 
These “micro-chondrule" particles (Fruland et al., 1978) accreted onto other larger chondrules and 373 
do not represent small particles that were accreted individually into planetesimals. By emphasizing 374 
the ChonMax particle sizes, as described earlier, we are effectively excluding the fraction of small 375 
particle cores embedding in larger particle rims. The extra steps to revisit the identity of small 376 
particles in the data set validates their true independent small-chondrule nature and ultimately 377 
justifies the inclusion of these particles in the reported size distributions.  378 
Distinct chondrule lithologies in NWA 5717 379 
Dark and light chondrule-rich “lithologies” contained in NWA 5717 (Bigolski et al., 2016; 380 
Bunch et al., 2010) have similar looking broad size distributions. Bunch et al. (2010) said they 381 
were identical, but our larger data set allows us to address this claim more definitively. In order to 382 
measure the similarity, or dissimilarity, of these two distributions we ran several statistical tests 383 
(see supplement for details). First, comparison of the size distribution histograms yields strong 384 
statistical evidence that they are dissimilar. Supplemental Table S3 summarizes measures of the 385 
probability that the two distributions are the same, based on two different methods, and shown as 386 
the log10 of the “odds ratio”, which is the probability that the samples are drawn from the same 387 
population. The first test is an estimation of the Bayesian odds ratio for the two relevant 388 
hypotheses, based on a simple root-mean square similarity measure and constant prior (Wolpert, 389 
1995). It is arguably superior to the commonly used Kolmogorov-Smirnov (K-S) test (Press et al., 390 
2007), but we also include K-S probabilities in Table S3. A straightforward resampling analysis 391 
(Efron and Tibshirani, 1993) is presented in the form of bootstrap means and standard deviations 392 
of the results for both methods. Both methods overwhelmingly favor the distributions having 393 
different shapes (i.e., being drawn from different populations), consistent with their discrepant 394 
oxygen isotopes and the incongruity in the magnesium contents of chondrule olivine (Bunch et al., 395 
2010). Put another way, Table S3 says that the probability the dark and light lithology chondrules 396 
were drawn from the same population is on the order of 10-50 or smaller. This is mostly because 397 
their mean sizes are demonstrably different. 398 
Combined with the already known chemical and isotopic differences between the dark and 399 
light lithologies (Bunch et al., 2010), these size distribution results strongly suggest that NWA 400 
5717 likely contains an important record of two distinct kinds of chondrule aggregate, each made 401 
from chondrules formed with different properties. This in turn indicates that aggregates we see 402 
most visibly in the light lithology, but, we hypothesize, also formed the dark lithology, grew by 403 
sticking in two separate regions and/or at different times, and then diffused around as aggregates 404 
in the nebula until they accreted together into the NWA 5717 parent body and became compacted. 405 
In part, the complex internal borders between the dark and light chondrule-rich lithologies likely 406 
reflect the aggregate nature of colliding ‘clumps’ of particles in the nebula. Dark aggregates would 407 
have been more numerous so blended together, while the less common light aggregates stand out 408 
as “inclusions”. The dark lithology appears to be darker in color because of disseminated iron 409 
staining. Preliminary Mössbauer spectra (Cato et al., 2017) provide evidence for sulfide and iron 410 
metal grains only in the light lithology and not in the dark lithology. One possible explanation of 411 
the alteration is in situ reaction of metal with nebular ice that originally aggregated only with the 412 
(now) dark lithology. This hypothesis is consistent with its relatively “heavy” oxygen isotopic 413 
signature (Bunch et al., 2010), along with the diffuse nature of the boundary between the two 414 
lithologies. A more thorough examination of the oxygen isotopes within individual chondrules and 415 
additional petrologic analysis of the two lithologies could provide important insight into the 416 
importance of nebular versus parent body alteration processes. 417 
The statistical analyses also reveal that the shapes of the size distributions within the dark 418 
and light lithologies, once normalized to a common mean or modal size with a scaling factor (about 419 
1.4-1.5), are the same per the powerful Wolpert analysis (see supplemental Table S4, Fig. S12a).  420 
The K-S technique is less certain that this is the case, but there are reasons to favor the Wolpert 421 
technique (Feigelson and Babu, 2017). This result could suggest that there is some kind of 422 
universality to the processes leading to the aggregation of monomer chondrules into aggregates, 423 
in what seem to be two distinct regions with rather different properties. When a similar series of 424 
statistical tests are used to compare the shape of the particle size distributions of the NWA 5717 425 
lithologies to that of the Allende slab data we discover an intriguing result, that all three can be 426 
“scaled” or normalized to a universal size distribution (shown in Figs. S12b). 427 
Differences among petrographically distinct chondrule populations  428 
The remainder of our discussion focuses on the data obtained over ~10 cm2 at the 429 
micrometer scale, i.e., the X-ray SEM maps. Similar size distributions of chondrules and refractory 430 
inclusions in Allende are depicted in Figure 5A. The distributions of the most abundant chondrule 431 
subgroups detailed in the SEM images are shown in Figure 5B. The largest differences seen are 432 
between POP chondrules (n=1042) that are relatively more abundant at larger sizes and PO 433 
chondrules (n=1306) that are relatively more abundant at smaller sizes. The third most abundant 434 
chondrule subgroup (PP), while noisy (Fig. 5B), defines a distribution that is nearly 435 
indistinguishable from the overall broad distributions of inclusions and chondrules (i.e., 436 
ChonMax), the latter of which is largely comprised of POP and PO chondrules. It is remarkable, 437 
but unlikely to be a coincidence, that when the POP and PO chondrule populations are considered 438 
together as one group that they exhibit nearly the same size distribution as PP chondrules and 439 
inclusions. Among the inclusion subgroups, Type A CAIs (n=156) are the most common and 440 
generally control the distribution. Many of the largest inclusions are Type B CAIs and AOAs, and 441 
therefore, both small Type B (±AOA) and large Type A CAIs, are rare and have minimal 442 
contributions to the overall distribution. For whatever reason these unobserved particle size 443 
fractions did not exist or were preferentially lost prior to particle aggregation and/or parent body 444 
accretion.  445 
Abundance differences among petrographically distinct chondrule types have been 446 
reported in a number of chondrites. Early work by Gooding and Keil (1978; 1981) determined the 447 
percentage abundances of chondrule types from L-chondrites and concluded that size and shape 448 
are not strictly correlated with chondrule type. Nagahara (1981) obtained a similar result for ALH 449 
77015 (L3.5). Distinct size distributions were reported for different populations in other ordinary 450 
chondrites (Gooding, 1983), but the numbers in that study were relatively small (n=141) and the 451 
conclusions may not be fully representative. Rubin and Grossman (1987) reported that in EH 452 
chondrites (n=63), Radial Pyroxene (RP) chondrules are somewhat larger than Cryptocrystalline 453 
(CC) chondrules. They also report that non-porphyritic chondrules have a broader size distribution 454 
than porphyritic chondrules and that POP chondrules are significantly larger than PP chondrules. 455 
Rubin (1989) found that in CO3 chondrites (11 samples), PO chondrules are on average larger 456 
than PP chondrules. More recently, Nelson and Rubin (2002) found that non-porphyritic 457 
chondrules are generally larger than porphyritic chondrules (n=380) in Semarkona (CO3). They 458 
concluded that this was due to preferential fragmentation of porphyritic chondrules on the parent 459 
body. It is notable that in our work on Allende chondrules, no significant difference was seen in 460 
the size distributions as a function of particle circularity, which can be used as potential index of 461 
fragmentation. For example, of the ChonMax particles, 2% have circularity <0.35 and these exhibit 462 
a measured mean diameter of 358±137 µm (2 SE), as compared to the measured mean diameter of 463 
310±16 µm (2 SE) for all of the ChonMax chondrules. 464 
Chondrule rims record pre-parent body accretion history 465 
The fact that a majority of the particles are unrimmed, but hosted in the same meteorite 466 
with rimmed particles, supports the notion that individual chondrule subgroups retain signatures 467 
of different trajectories on which they evolved separately in space, either by condensation of vapor 468 
or by accretion of fine particles on their surfaces, prior to the final accretion event (Morfill et al., 469 
1998). This dichotomy further supports the interpretation that discrete component particles formed 470 
and evolved in different nebular environments prior to being caught up in the final sorting regime 471 
of planetesimal accretion. A family of model curves was computed following the theoretical 472 
approach of Cuzzi (2004) where rim thickness is a function of gas drag stopping time, i.e., larger 473 
particles travel further and faster, sweeping up more dust (see Fig. S13 and supplement for 474 
modeling details). Representative “thick-rim” models that capture the positive trend between core 475 
size and rim thickness, and some that show the apparent ‘leveling off’ at small particle diameters 476 
(i.e., in PO chondrules), are shown in Figure 6. Within uncertainty the data and models are 477 
consistent with the work of Hanna and Ketcham (2017) on chondrule rims in Murchison, but more 478 
data are needed to fully explore potential differences between distinct chondrule subtypes within 479 
and among different meteorites.  480 
The evidence indicating thicker chondrule rims on larger particle cores is especially robust 481 
after one takes into account the competing effects on the appearance of rim thickness due to sample 482 
sectioning artifacts. Rim thicknesses surrounding particles in SEM images tend to be sectioned 483 
non-diametrically, like the particles themselves, artificially increasing the rim width at all smaller 484 
apparent diameters. If rim thickness is uniform, it should appear thinnest, reflecting its true 485 
thickness, on diametric particle cross sections. Therefore, the observed increase in rim thickness 486 
as the size of particle cores increases actually underrepresents the increased width of rims 487 
surrounding larger particles (i.e., POP chondrules). A simple geometric sectioning model based on 488 
the difference between two concentric circles (delta of smaller core and larger rim) that 489 
demonstrates the spurious effect on apparent rim thickness in the small non-diametric sections is 490 
shown in Figure 6 (dashed curve). The random sectioning approach of Cuzzi and Olson (2017) 491 
was used to generate delta-function size distributions to more comprehensively assess these 492 
artifacts (see Fig. S14 and supplement for modeling details). This modeling indicates that some of 493 
the observed scatter is likely due to sectioning. 494 
Theoretical considerations of particle rimming and sorting  495 
Rim formation represents a finite event or events, following condensation or partial 496 
melting, during which the particle was coated by dust as it passed through a dusty gas reservoir 497 
before it was accreted by sticking into an agglomeration of particles, e.g., Gooding and Keil 498 
(1981); Simon et al. (2005). The presence of coarse-grained (CG) rims, fine-grained (FG) rims, or 499 
both rim types, and varying thickness of rims observed on Allende chondrules, likely reflect 500 
time(s) when sufficient dust levels existed in the nebula to rim particles. As chondrules diffused 501 
through the nebula they likely encountered a spectrum of heating events, or at least, the ones in 502 
the rimming region did so. A common thermodynamic explanation for converting fine-grained 503 
minerals to coarse-grained ones by adding heat is Ostwald ripening, in which a dispersed mineral 504 
phase is annealed (or texturally matured). Some heating events would be too weak to have a 505 
“ripening” effect, and in this scenario the FG rim would be left alone. A stronger event could bake 506 
the FG rim to create a CG rim, and the chondrule optionally carries on to accrete a new FG rim. 507 
Whether or not a given particle was ever rimmed, it is clear that strong nebular heating was 508 
common enough to melt and/or ablate all or at least the margin of many to generate the ubiquity 509 
of “naked” chondrule cores in chondrites.  510 
The presence of turbulence in the protoplanetary disk is one way to explain the thicker rims 511 
surrounding larger chondrule cores (Fig. 6, Hanna and Ketcham, 2017). In a turbulent regime, 512 
larger particles are predicted to move faster through gas and thus form thicker rims (Cuzzi, 2004). 513 
The observed positive correlation (Fig. 6) may also be consistent with numerical studies that 514 
suggest their formation in bipolar solar jets where chondrules ejected outwards from the protoSun 515 
impacted hypersonically with regions of dusty nebular gas (Liffman and Toscano, 2000). 516 
However, it could be explained by any scenario that exposed particles to varying dust/gas and 517 
thermal histories (e.g., Connolly and Love, 1998; Morfill et al., 1998), at least for the populations 518 
of rimmed chondrules.  519 
The distinct size distributions and rim fractions reported herein (e.g., POP vs. PO), imply 520 
that the particles have most likely followed different post-formation histories and their initial size 521 
distribution(s) may well have been modified by associated sorting processes in the protoplanetary 522 
disk, prior to accretion of the parent body. Sorting processes operating in the early solar nebula 523 
have been ascribed to mass (Kuebler and McSween, 1999), differential velocities or turbulent 524 
concentration (Cuzzi et al., 2001; Cuzzi and Zahnle, 2004), photophoresis (Wurm and Krauss, 525 
2006a), X-winds (Shu et al., 1996), density (Teitler et al., 2010), or turbulent diffusion (Jacquet et 526 
al., 2012), some or all of which may even work simultaneously. All but one of these processes rely 527 
on the size-density dependence of aerodynamic drag, and are hypothesized to occur in a number 528 
of radial mixing and transport disk models (Cuzzi et al., 2005; Jacquet et al., 2012). The general 529 
mechanism of each can be related in principle to observed size distributions (e.g., Teitler et al., 530 
2010), but this relation is not always clear, and may be complicated or overwritten by other 531 
processes.  532 
In principle, size sorting could happen after planetesimal accretion as well (Akridge and 533 
Sears, 1999; Bland and Travis, 2017; Nelson and Rubin, 2002), but detailed petrofabric studies of 534 
the Allende slab used in this study suggest that these are of secondary importance (Tait et al., 535 
2016). It has also been suggested that rim textures can be produced on the parent body (Allen et 536 
al., 1980; Kring, 1991; Trigo-Rodriguez et al., 2006). It is not obvious, however, how in situ rim 537 
formation can produce the positive rim thickness versus particle size relationship observed herein 538 
(Fig. 6) or by Metzler et al. (1992), Paque and Cuzzi (1997), Hanna and Ketcham (2017) or the 539 
layering effects observed by Bland et al. (2011), and it certainly has problems explaining the fact 540 
that only ≤20% of the chondrules in Allende measured in this study have rims. 541 
Evidence for nebular particle aggregation 542 
Why the formation of aggregates—which happens by collisions and sticking—seems to 543 
manifest some kind of (plausibly aerodynamic) sorting remains unexplained, but supporting 544 
evidence can be found in IDPs (Wozniakiewicz et al. 2012, 2013), and some hypotheses are being 545 
pursued (Cuzzi et al. 2017). The variable internal porosity of aggregates, which may decrease as 546 
they approach a bouncing barrier, affects their own aerodynamic stopping times and complicates 547 
the situation. The explanations being pursued are not narrow size “filters” but broad ones, 548 
consistent with the broad observed particle size distributions (detailed models have not yet been 549 
developed). The implication is that the particle size distribution was set during aggregate 550 
formation, not planetesimal formation as previously argued by, e.g., Cuzzi et al. (2010).  551 
Our combined findings in Allende and NWA 5717 point to a picture that has the following 552 
elements: (1) individual chondrules have an extended lifetime in the nebula as isolated objects, 553 
traversing regions with different properties (i.e., dusty regions in which fine-grained rims can be 554 
accumulated, as distinct from regions containing little or no dust; varied thermal environments that 555 
act to coarsen or eliminate the pre-existing fine-grained rims). This evolution is probably 556 
dominated by turbulent diffusion, and implies some finite radial extent of sampling that depends 557 
on nebula turbulent intensity and duration (Cuzzi et al., 2005; Cuzzi et al., 2010). (2) On some 558 
timescale that is probably longer than the rim accretion timescale (Cuzzi, 2004), based on the 559 
Allende mix of rimmed and unrimmed chondrules, chondrules collide and stick with each other, 560 
with similar-size particles of other types such as refractory inclusions if present, and maybe 561 
clusters of such objects collide with similar-size clusters, to form aggregates that reach fairly large 562 
packing fractions, which may reach a “bouncing barrier” limit after which further growth is stalled 563 
(Birnstiel et al., 2011; Estrada et al., 2016; Zsom et al., 2010). This stage may be illustrated by at 564 
least the light lithology of NWA 5717. However, small porous aggregates such as these still diffuse 565 
radially in moderate turbulence without settling, having a diffusion coefficient not much different 566 
than their constituent particles (Cuzzi and Hogan, 2003; Youdin and Lithwick, 2007; Jacquet et 567 
al., 2012). After some longer time period, associated with radial mixing across wider regions, 568 
aggregates of different types may mix and experience the kinds of conditions under which a 569 
planetesimal can form. NWA 5717 is unique in that what appear to be constituent aggregates are 570 
so qualitatively different as to be readily distinguished. We hypothesize that its dark lithology is 571 
composed of similar aggregates in greater abundance, so they simply smear together, suggesting 572 
that original (analogous) aggregates forming Allende, for instance, may be currently impossible to 573 
distinguish. In Allende, it seems there is no obvious spatial clustering of rimmed versus unrimmed 574 
chondrules, so they must have acquired their rims well before ending up in aggregates. We think 575 
it is important to test this hypothesis in other primitive chondrites. 576 
If this scenario is correct, the observed chondrule size distributions reflect the size 577 
distributions of the components that formed aggregates by sticking, and thus may have been 578 
influenced by the probability that a particle can stick, rather than bounce. Regardless of the 579 
processes that resulted in the broad—and possibly universal—size distributions, our findings from 580 
NWA 5717 (and likely Allende as well) suggest that chondrules can grow by sticking into 581 
aggregates of several cm size, and if verified and extended to other objects, this would have 582 
profound implications for planetesimal formation. 583 
Conclusions 584 
The similar broad size distribution of particle sizes measured across particle subtypes in 585 
Allende (i.e., ChonMax and inclusions) suggests that some process size-sorted mineralogically 586 
and petrographically diverse refractory inclusions, rimless chondrules, and already-rimmed 587 
chondrules collectively prior to their incorporation into the chondrite parent body. These broad 588 
size distributions are also seen in the primitive ordinary chondrite NWA 5717, but are different 589 
between its two chemically and isotopically distinct lithologies, suggesting the patches of lithology 590 
are actually pre-planetesimal aggregates that formed in widely separated regions of the nebula and 591 
diffused together prior to planetesimal formation. Some aspect(s) of the aggregate accretion 592 
process appears to have over-printed previous, distinct size distributions that existed between 593 
particle types (e.g., PO vs. POP); those due to post-formation, pre-planetesimal sorting events. The 594 
apparent positive but nonlinear correlation between chondrule size and rim thickness in Allende 595 
supports growth of at least some chondrule rims in a turbulent dusty gas reservoir. Collectively, 596 
the relatively broad, but noticeably different, lognormal size distributions of the various chondrule 597 
subtypes, as well as the presence of distinct rimmed and unrimmed chondrules in Allende, rule out 598 
mechanisms that predict single sourced, proximally formed, particle size/type populations, e.g., 599 
Johnson et al. (2015). The fact that particle size distributions in both lithologies of NWA 5717 and 600 
Allende are very similar in shape after scaling to a common mean size implies the existence of a 601 
common, possibly universal, aggregation process. Ultimately, if these size-selective aerodynamic 602 
effects allow particle sticking to proceed to larger aggregation sizes than currently expected, the 603 
primary formation of planetesimals becomes much easier. 604 
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Table 1. Definitions
CAI Ca-, Al-rich refractory inclusion
AOA Amoeboid Olivine Aggregate, a type of inclusion
PO Porphyritic Olivine chondrule
POP Porphyritic Olivine and Pyroxene chondrule
PP Porphyritic Pyroxene chondrule
BO Barred Olivine chondrule
RP Radiating Porphyritic chondrule
C Cryptocrystalline chondrule
ChonMax chondrule of maximum particle diameter, including rim when present
AllchonCore individual chondrule core, regardless of rim status -- present, absent, or co-shared rim
Rimmed chondrule particle with rim, including rim
CoreWRim chondrule particle with rim, excluding rim
CoreNoRim chondrule particle that lacks rim
Type A CAI melilite dominated CAI
Type B CAI pyroxene-melilite dominated CAI
FG rims fine-grained rims surrounding chondrules, likely accretionary
CG rims generic coarse-grained rim surrounding chondrules, possibly igneous
WL rims Wark-Lovering rims surrounding CAIs
 855 
 856 
 857 
 858 
Figure 1. Low-resolution optical photomosaic images of: (A) primitive CV3 Allende chondrite 859 
~20 cm x 25 cm slab and (B) primitive (subtype 3.05) ungrouped chondrite NWA 5717 ~11 cm x 860 
14 cm slab. In NWA 5717 the dark lithology is denoted by a and light by b. 861 
  862 
Table 2. Summary of particles characterized in Allende and NWA 5717.
Data set Particle Subtype Avg. diameter (µm) SD (µm) Avg. diameter (µm) SD (µm) Area (%) Count
SEM (Allende) Inclusions measured unfolded
Type A CAIs 216 270 - 1.4 156
Type B CAIs 559 583 - 1.2 24
AOA 673 503 - 0.8 15
Types A & B 262 347 - 2.6 180
Inclusions 294 376 380 699 3.4 195
SEM (Allende) Chondrule
PO 149 183 162 190 5.7 1306
POP 397 339 488 482 22.1 1042
PP 384 385 464 721 3.6 155
BO 623 384 - 1.3 31
Al-rich 598 486 - 1.0 21
AllchonCore 275 307 299 378 33.7 2555
ChonMaxa 310 398 334 458 46.3 2339
SEM (Allende, image#9) Chondrule
Rimmed 718 662 - 63/413
CoreWRim 584 592 - 63/413
AllchonCore 366 368 - 350/413
ChonMaxb 379 396 - 413
Slab full section (Allende) Particles 363 296 410 358 39.1 6530
Paque Allende set 1 (in Teitler et al., 2010)c disaggregation 881 421 - 276
Slab partial light section (NWA 5717) Particlesd 239 238 342 303 4121
Slab partial dark section (NWA 5717) Particlesd 328 266 403 290 8206
Slab combined section (NWA 5717) Particlesd 295 259 378 310 >95 12,966
a indicates particle outer diameter including rims that occasionally include multiple particles.
b sum of "naked" core plus measured rim thickness.
c data set included for reference.
d minimal rims present.
 863 
 864 
Figure 2. Classification scheme (after Gooding and Keil, 1981) used to categorize particles in 865 
SEM X-ray compositional images, with Mg, Ca, and Al indicated by red, green, and blue, 866 
respectively. a) Porphyritic olivine chondrule (PO). b) Porphyritic olivine and pyroxene chondrule 867 
(POP). c) Porphyritic pyroxene chondrule (PP). d) Aluminum-rich chondrule. e) Barred olivine 868 
chondrule (BO). f) Coarse-grained (CG) and fine-grained chondrule rims. g) Type A CAI, h) Type 869 
B CAI. i) Amoeboid olivine aggregate (AOA).  870 
 871 
Figure 3. (A) Representative example of X-ray compositional images for one section of the 872 
Allende chondritic meteorite, with color coding as in Fig. 2. (B) digitized particles, including 873 
rim(s), and (C) ChonMax particles shown in binary image.  874 
 875 
Figure 4. Nonlinear best fits of lognormal curves to unfolded size particle populations. (A-F) are 876 
Allende SEM X-ray images. Subgroup ChonMax is indistinguishable from Inclusions and 877 
AllchonCore. AllchonCore is the composite population of PP, PO, and POP that individually 878 
define distinct size distribution curves. (G-J) Allende and NWA 5717 slab (photomicrographic) 879 
data also exhibit broad distributions, but likely include artifacts of undercounting of the small 880 
particle sizes. Particles are binned geometrically where the number per bin is divided by the 881 
(variable) bin width to give the number per unit radius. The effect of non-diametric particle 882 
sectioning is corrected for in the unfolding calculations (Cuzzi and Olson, 2017). 883 
 884 
Figure 5. Unfolded, actual, size distributions of major particle components of Allende and NWA 885 
5717 meteorites. (A) Similar distributions of chondrules and inclusions in Allende are broader than 886 
the narrow range of particles disaggregated by Paque and Cuzzi (1997). (B) Distributions of 887 
petrographically distinct particle types in Allende (described in Fig. 2). POP chondrule population 888 
(blue shaded) contains significantly greater numbers of larger particles than PO chondrule 889 
population (red shaded). (C) Photomicrographic slab data of Allende and ordinary chondrite NWA 890 
5717 compared to SEM chondrite cores (AllchonCore) and Paque and Cuzzi data. (D) NWA 5717 891 
light lithology appears to have fewer larger particles than the dark lithology. Particle binning as in 892 
Fig. 4. Significant undercounting of smaller particle sizes in slab and disaggregation work exist. 893 
 894 
Figure 6. Log-log plot of chondrule rim thickness versus particle section diameter (CoreWRim) 895 
for 1 of 6 X-ray images. Representative models after Cuzzi (2004) that capture the positive trend 896 
between core size and rim thickness are shown (solid curves, see Appendix). Dashed model curve 897 
is the computed apparent rim thickness versus particle diameter from non-diametric slices of an 898 
average ~370 µm diameter particle with a uniform 135 µm thick rim. Sectioning model curve is 899 
nearly orthogonal to the data trend. Measurement scatter reflects both some 2D sectioning effects 900 
shown by the models and precision, which is poorer at the smallest sizes. Unrimmed chondrules 901 
(n=350) in image not shown. 902 
 903 
Figure 7. Representative backscattered electron and X-ray compositional images of small (~100 904 
µm) particles included in this study.  RGB color coding as in Fig. 2. Small particles have diverse 905 
grain size: (A,B) “micro”-porphyritic and (C-F) porphyritic and/or single crystal chondrules, akin 906 
to larger particles. Close proximity of particles shown in A-C attest to the validity of their small 907 
size. Particles in D-F appear contained in larger particle accretion rims. 908 
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